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Abstract: Biologists often estimate separate survival and movement rites from radiotelemetry and mark- 
recapture data from the same study population. We describe a method for combining these data types in a 
single model to obtain joint, potentially less biased estimates of survival and movement that use all available 
data. We furnish an example using wood thrushes (Hylocichla mustelina) captured at the Piedmont National 
Wildlife Refuge in central Georgia in 1996. The model structure allows estimation of survival and capture 
probabilities, as well as estimation of movements away from and into the study area. In addition, the model 
structure provides many possibilities for hypothesis testing. Using the combined model structure, we estimated 
that weekly survival of wood thrushes was 0.989 ? 0.007 (-SE). Survival rates of banded and radiomarked 
individuals were not different (&[Sradioed, Sbanded] = log[Sradioed/Sbanded] 
= 0.0239, 95% CI = -0.0196 to 0.0486). 
Fidelity rates (weekly probability of remaining ih a stratum) did not differ between geographic strata (4 = 
0.911 ? 0.020; a&["11, •22] = 0.0161, 95% CI = -0.0309 to 0.0631), and recapture rates (p = 0.097 + 0.016) 
of banded and radiomarked individuals were not different (&[Pradioed, Pbandedl = 0.145, 95% CI = -0.510 to 
0.800). Combining these data types in a common model resulted in more precise estimates of movement and 
recapture rates than separate estimation, but ability to detect stratum or mark-specific differences in parameters 
was weak. We conducted simulation trials to investigate the effects of varying study designs on parameter 
accuracy and statistical power to detect important differences. Parameter accuracy was high (relative bias 
[RBIAS] <2%) and confidence interval coverage close to nominal, except for survival estimates of banded 
birds for the "off study area" stratum, which were negatively biased (RBIAS -7 to - 15%) when sample sizes 
were small (5-10 banded or radioed animals "released" per time interval). To provide adequate data for useful 
inference from this model, study designs should seek a minimum of 25 animals of each marking type observed 
(marked or observed via telemetry) in each time period and geographic stratum. 
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Wildlife biologists commonly use radiotelem- 
etry to obtain estimates of survival and descrip- 
tions of movement (Pollock et al. 1989, White 
and Garrott 1990) and mark-recapture methods 
(including both actual captures and resightings 
of individuals) to estimate population size, sur- 
vival, and movement patterns (Seber 1982, Pol- 
lock et al. 1990). Usually, radiomarked animals 
are also marked with bands, tags, or other form 
of identification, and radiomarked animals are 
often recaptured during the course of the study. 
Biologists studying several classes of animals 
have described the simultaneous use of large- 
scale radiotelemetry and capture-recapture 
techniques (Garrett and Franklin 1988, Rap- 
pole et al. 1989, Griffiths and Christian 1996, 
Holland et al. 1996), but we are unaware of a 
single case in which telemetry and mark-recap- 
ture data were combined to simultaneously es- 
timate demographic parameters. 
A previous model developed by Burnham 
(1993) allowed estimation of parameters with 
data from a combined data structure involving 
live recaptures and recoveries of dead (often, 
hunter-shot) animals. This model allowed esti- 
mation of survival rates as shared parameters 
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from both data structures, and separation of 
mortality from permanent emigration, the latter 
not provided by standard mark-recapture anal- 
ysis (Pollock et al. 1990). In this paper we ex- 
tend this approach to a problem in which mark- 
recapture data are combined with observations 
of radiotagged animals. As with combined 
mark-recapture and recovery analysis (Burn- 
ham 1993), there are several advantages to si- 
multaneously using data from both sources. 
First, precision of survival estimates should be 
increased by combining 2 sources of informa- 
tion about the same parameter (Burnham 
1993). Second, incorporating mark-recapture 
data into a combined data structure allows for 
tests of potential radio effects on survival or oth- 
er parameters (Burger et al. 1991, Pietz et al. 
1993, Ward and Flint 1995), enabling unbiased 
estimation of survival. Third, a combined design 
allows for separate inference on movement, em- 
igration, and mortality rates that are often con- 
founded in complex ways, particularly in studies 
at broad spatial scales. For example, survival es- 
timates from traditional open-population, 
mark-recapture methods are not true survival 
rates, because mortality and permanent emigra- 
tion cannot be distinguished (Pollock et al. 
1990). If the robust mark-recapture design 
(Kendall et al. 1997) is used, it is possible to 
separate emigration and survival. Alternatively, 
if radiomarked study animals are followed after 
they leave a study area or local population, it is 
possible to remove the emigration component 
from mark-recapture survival estimates by 
combining both data types in a common model. 
In this paper we describe a model structure 
for estimating survival, movement, and capture 
rates using mark-recapture and radiotelemetry 
data. We provide an example using field data on 
wood thrushes, and we describe how demo- 
graphic parameters can be estimated with a new 
version of program MSSURVIV (Brownie et al. 
1993). We also use Monte Carlo simulation to 
evaluate bias, precision, and statistical power 
under a combined analysis of mark-recapture 
and radiotelemetry data. 
METHODS 
Field Study 
We captured adult wood thrushes in mist 
nets at PNWR in central Georgia during the 
1996 breeding season. Individuals were initially 
captured on a study area composed of 7 forest 
management compartments, each approximate- 
ly 400 ha in size. Although our study area con- 
sisted of 7 mostly non-connected forest com- 
partments, for the purposes of this model the 
"study area" is considered to be contiguous. We 
mist netted on the 7 study compartments for 
4,275 net-hours, rotating capture effort among 
compartments at least every 3 weeks. All cap- 
tured birds were marked with BRD leg bands, 
and radiomarked birds were equipped with 1.6- 
g transmitters using thigh harnesses (Rappole 
and Tipton 1991, Powell et al. 1998). We per- 
formed daily searches for radiomarked birds, 
both on and off the study area. Data were sum- 
marized into weekly discrete time intervals for 
analysis by a Kaplan-Meier type staggered-entry 
radiotelemetry design (Kaplan and Meier 1958) 
and a 13-sample Cormack-Jolly-Seber (C-J-S) 
design (Pollock et al. 1990). 
Model Notation and Assumptions 
The notation used here follows Brownie et 
al. (1993) and Pollock et al. (1989, 1990). We 
expanded the theory of multiple strata mark- 
recapture models (MSSURVIV, Brownie et al. 
1993) to include radiomarked animals. Two geo- 
graphic strata were allowed: (1) on the study 
area (the area on which mist netting efforts oc- 
curred), and (2) off the study area (an area 
searched for radio signals but on which no mist- 
netting was conducted). To avoid confusion, we 
refer to non-radiomarked individuals as "band- 
ed." Also, "recapture" of radiomarked individ- 
uals refers to physical captures during netting 
(or other capture method) efforts, not the "cap- 
ture" of an individual's radio signal during te- 
lemetry observations. Let r denote location, 
where r = 1 denotes that an animal is on the 
study area, and r = 2 denotes that an animal is 
off the study area at time i; the pair rs denotes 
locations at time i and i+1, respectively. The 
following statistics are then sufficient for the es- 
timation procedure: 
R,(1) = banded (no transmitter) releases at 
time i on study area, 
m(11) = members of R(,1) that are next 
caught (on study area) at timej, 
A (r) = radiomarked releases (or relocations) 
at time i, area r, 
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a(rl)i,,+ = member of Ai(r) captured at time 
i + 1 on study area, 
b(rs)ii+ = members of Ai(r) relocated (not 
caught) at time i + 1 on area s, 
di(r) = members of Ai(r) that die between 
time i and i + 1, 
r=1, 2, s = 1, 2, i =1,..., t. 
Parameters to be estimated are: 
i(rs) = probability of banded or radiomarked 
bird moving from area r to area s 
between sampling occasion i and i + 1, 
r = 1, 2, s = 1, 2, 
SBi(r) = probability of banded-only birds on 
area r at time i surviving from 
sampling occasion i to i + 1, r = 1, 2, 
Si(r) = probability of radiomarked birds on 
area r at time i surviving from 
sampling occasion i to i + 1, r = 1, 2, 
PBi(1) = probability of banded-only birds on 
area 1 at time i being recaptured at 
sampling occasion i, 
pi(1) = probability of radiomarked birds on 
area 1 at time i being recaptured at 
sampling occasion i (by definition no 
birds are captured on area 2), 
i=1 
... 
t. 
The assumptions of this model include the 
assumptions of Cormack-Jolly-Seber type 
mark-recapture models (Seber 1982, Pollock et 
al. 1990), Kaplan-Meier type survival analysis 
models (Kaplan and Meier 1958, Pollock et al. 
1989), and multiple strata mark-recapture mod- 
els (Brownie et al. 1993). Additionally, we con- 
sidered 3 other assumptions to the model. 
Assumption 1: Radiomarked and Banded In- 
dividuals Behaved Independently with Respect 
to Capture, Survival, and Movements.-Al- 
though we believe that most mated individuals 
did not affect the survival of their mates or 
neighbors, this assumption could be violated if 
a radiomarked member of a mated pair influ- 
ences the behavior of the banded mate 
(Schmutz et al. 1995). With only 2 exceptions, 
both members of all wood thrush pairs in our 
sample were radiomarked, and in those excep- 
tions the mate was never captured and banded. 
This assumption may present the largest poten- 
tial bias to future studies if precautions are not 
taken to radiomark both members of the pair, 
but if the second assumption (see below) is not 
violated, violations of the first assumption 
should not bias survival, movement, or recap- 
ture estimates. 
Assumption 2: Radiomarked Individuals Lo- 
cated Off Study Area were not Affected by Ear- 
lier Capture Events on the Study Area.-The 
model was Markovian (Brownie et al. 1993); 
that is, the model was not structured to provide 
"memory" of previous capture events during 
the season. Therefore, birds became part of a 
new cohort when they switched to a new geo- 
graphic stratum. This assumption might be vi- 
olated in cases of extreme habitat effects on 
physiology that could linger after moving to an- 
other area. Powell (1998) found no effect of 
PNWR forest habitat management on survival 
of adult wood thrushes, which included birds in 
our sample. 
Assumption 3: Temporary or Permanent Em- 
igration from the Entire 2-patch System was not 
Possible.-The "off study area" theoretically in- 
cludes all areas outside of our study area. Un- 
less satellite tracking is used, however, it is pos- 
sible for animals to emigrate beyond the area 
that can be logistically searched with aerial te- 
lemetry. Therefore, the third assumption may 
restrict this kind of analysis to certain times of 
year and sampling situations. Movements out of 
the 2-patch system are treated as deaths by the 
mark-recapture component of the model, and 
survival estimates could be biased by violations 
of this assumption. To avoid such violations, our 
sampling period occurred at the time of year 
before large premigratory and migratory move- 
ments. 
Model Structure 
The underlying statistical model includes 2 
components with common survival parameters 
that serve to link the probability models for the 
2 data types: (1) recaptures of banded animals 
and (2) relocations of radiomarked animals. The 
inclusion of radiomarked animals allows esti- 
mation of movement rates, not possible from 
recaptures alone. These components are mod- 
eled separately, below, and combined in a like- 
lihood for the estimation of all parameters. 
Mark-recapture Model for Banded Individ- 
uals.-Survival and recapture rates for banded- 
only individuals can be estimated by extension 
of Cormack-Jolly-Seber models (Pollock et al. 
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Fig. 1. Possible movement histories on and off study area for 
banded-only individuals over 3 periods following initial capture. 
1990) to allow inter-strata movement. Because 
animals can move in and out of the study area 
during each time period, cell likelihoods be- 
come increasingly complex as the number of in- 
tervals between capture and recapture increase 
(Fig. 1) and are generally too long for the usual 
SURVIV input format (Brownie et al. 1993). 
Therefore, we used an "m array" (Burnham et 
al. 1987) to summarize the data structure and 
expected values (Table 1). Total releases for pe- 
riod i equal the sum of previously marked (re- 
captures) and newly captured animals. Thus, af- 
ter recapture in period i, animals become part 
of the released cohort for time period i+ 1. 
These data allow estimation of survival (SBi(1)) 
and capture (pBi(1)) probabilities for banded 
birds on the study area (where capture and 
banding is occurring), but estimation of move- 
ment (*Ji(rs)) and off-study area survival rates 
(Si(2)) require data from radiomarked birds for 
parameter identification. 
Survival and Movement from Telemetry.-- 
Telemetry data allow direct estimation of sur- 
vival (Si~r)) and movement (qi(rs)) parameters for 
radiomarked birds, both on and off the study 
area (r = 1, 2). It is also possible to directly 
estimate the capture probability of radiomarked 
individuals during each time interval; estimation 
of this parameter is necessary for inclusion of 
radiomarked birds in the statistical model, when 
they become part of a capture-release sample 
(Table 2). 
Radiomarked animals "released" (i.e., cap- 
tured and released, or not captured but ob- 
served by radiotelemetry) at sample occasion i 
on the study area have 4 possible multinomial 
outcomes during each time interval: (1) survive, 
stay on study area, and experience capture in a 
mist net; (2) survive and stay on study area, but 
do not experience capture in a mist net; (3) sur- 
vive and leave study area; and (4) stay on study 
area and die (Table 2). These outcomes are con- 
ditional on birds being observed in the interval 
(i, i+1); therefore individuals right censored 
due to (radio failure or signal loss) were re- 
moved from the cohort (Ai(1)). Radiomarked 
birds located off the study area have 4 possible 
multinomial outcomes during each time inter- 
val: (1) survive, return to study area, and expe- 
rience capture in a mist net; (2) survive and 
return to study area, but do not experience cap- 
ture in a mist net; (3) survive and remain away 
from the study area; and (4) remain away from 
study area and die (Table 1). Right-censored in- 
dividuals are, again, removed from the cohort 
total (Ai(2)). 
A global model structure for the combined 
(banded and radiomarked birds) would allow 
for variation in survival and capture parameters 
by time period, stratum, and marking method, 
and in movement parameters by time period 
and stratum. Simplified models can be con- 
structed from this global model by means of 
constraints on these parameters. For example, 
because mortality events were so rare (Powell 
1998), we did not consider a time-specific mod- 
el, and allowed parameters to vary only by stra- 
tum and marking method. We used likelihood- 
Table 1. Model expectation structure for estimation of survival (S), movement (*), and capture (p) probabilities using data from 
conventional marking (banding). 
Period No. 
No. next recaptured in period 
released releaseda 2 3 
1 R(1) Rl(1)SB(l)[1 - '(1 '2)]PB2(1) RI(1)SBI()pB3(1){[1 - *1(12)][1 - 412(12)][1 - pB2(1)]SB2(1) 
+ 
'P1(2)SBS([2)'tP(21)} 
2 R2 R2(1)SB2(1)[1 - kt2(12)]pB3(1) 
a In each time period banded animals are released in stratum 1 ("on study area") and may be recaptured in subsequent periods (e.g., by mist- 
netting); physical recapture only occurs in stratum 1. 
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ratio tests to test for equal rates of survival and 
recapture between banded and radiomarked 
birds, and equal rates of movement and survival 
between geographic strata. Because of small co- 
hort sizes, we used a corrected Akaike Infor- 
mation Criterion (AICe) to choose the best 
model (Burnham and Anderson 1998). 
To compare survival and other parameters 
between groups we defined 
(01,02) = log(01/02) (1), 
where 01,02 are 2 parameters stratified by the 
groups under comparison. For example, a(S,SB) 
= log(S/SB) would be expected to equal 0 when 
survival of birds marked by the 2 methods is 
identical, and to be negative under adverse sur- 
vival impacts of telemetry. We estimated a by 
&(01,02)= log(01/02) (2), 
where 01,02 are estimates of the quantities un- 
der comparison. Variances for & were computed 
by application of the delta method (Seber 1982: 
7) and used to estimate asymptotic normal con- 
fidence intervals for a, which provided an esti- 
mate of the real effect size and a gauge of the 
strength of our results (Gerard et al. 1998). To 
obtain maximum likelihood estimates for the 
model parameters, J. E. Hines adapted 
MSSURVIV, a modification of program SUR- 
VIV (White 1983) designed for problems with 
multiple strata, and movement among strata. 
The new version, MSSRVRT, is similar to 
MSSURVIV, but it incorporates the combined 
radiotelemetry and capture-recapture data 
structure (Tables 1, 2). At present, the program 
allows 2 geographic strata and 1 age class. The 
number of time intervals can vary between 3 
and 20. The MSSRVRT code can be obtained 
from J. E. Hines. 
Monte Carlo Simulation 
The data from our wood thrush example, al- 
though typical of such studies, were insufficient 
to adequately evaluate the statistical perfor- 
mance of our method. To further investigate the 
properties of the methodology under general 
circumstances, we conducted a Monte Carlo 
simulation experiment. First, we specified a 
general model (HA) in which survival and move- 
ment parameters differed by geographic strata 
(on or off study area) and the type of marking 
(banded only vs. radiomarked). We selected pa- 
rameter values as follows: 
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4(11) = 0.88, ?(22) = 0.92 
S(1) = 0.93, S(2) = 0.97 
SB(1) = 0.95, SB(2) = 0.99, 
based on a range of values estimated from our 
model set, and representing differences that we 
would be interested in detecting in a biological 
study. For instance, weekly survival rates of 
0.95-0.97 for banded vs. 0.93-0.95 for radioed 
birds would represent a profound survival im- 
pact of telemetry when considered over a typi- 
cal field season (10-week survival of 0.48-0.74 
for radioed vs. 0.60-0.90 for banded birds). 
We then examined the influence of a range 
in sample sizes (Ri(1); Ai(r), i = 1, 2) and recap- 
ture rates (pi(r) = Psir = p) by establishing 
combinations of sample sizes (5, 10, and 25 for 
each marking type) and recapture rates (0.11, 
i.e., similar to our study; 0.20, and 0.40). For 
each trial we used PROC SIMULATE in pro- 
gram SURVIV (White 1983) to generate the 
matrices of data for the model structure iden- 
tical to that in Tables 1 and 2 (12 recapture 
periods, 2 geographic strata, marking by band- 
ing alone and by radiotelemetry). We estimated 
RBIAS and mean squared error (RMSE) for the 
parameters of interest as 
O - 0 
n ini RBIAS = n x 100%, (3) 
and coefficient of variation (CV) as 
n-1 i=1 
CV = x 100%, (5) 
where 
0i 
is the estimated parameter for the ith 
simulation replication from SURVIV, 0 is the 
parameter value, 6 = 1/n 1,i1 6i, and n = 10,000 
replications per trial. For each replication we 
obtained the estimated standard error 
(SE(0i)) for each parameter of interest, an estimated 
95% confidence interval (CI) as 
O, 
- 
1.96 x SE(O), (6) 
and determined whether the parameter (0) was 
included in the interval; the percentage of the 
10,000 replications in which coverage occurred 
was our estimate of CI coverage for comparison 
to the nominal 95% coverage. Because of con- 
cern about performance of asymptotic estimates 
of SE under small sample conditions, we also 
evaluated the relative bias of the SE, taking the 
empirical estimate of standard deviation of the 
parameter from the simulations as the best es- 
timate of the true SE: 
1 0 (7) 
[n-l i=1 
We used this quantity to estimate relative bias 
of SE (RBIASsE) as 
SSE(0) - a 
RBIASSE = x1 100%, (8) 
where SE(bi) is the estimated SE for 0 from the 
ith simulation, and 8 = 1/n 
1?i=i." We also evaluated statistical power (1-13) to 
detect various parameter differences of interest, 
by constructing null hypotheses of no difference 
in selected pairs of parameters. We formed 3 
such null hypotheses: H:tI(11) = fj(22) (fidelity- 
movement rates equal between geographic stra- 
ta), H2:S(1) = S(2); SB(1) = SB(2) (survival rates 
equal between strata but differing dependent 
on marking), and H3:S(1) = SB(1); S(2) = SB(2) 
(survival rates equal between marking methods 
but different between strata). We used the like- 
lihood-ratio tests in SURVIV to test each of 
these hypotheses against the alternative HA as 
previously defined, controlling Type I error at 
a = 0.05. We estimated power for each hypoth- 
esis test as the proportion of the n = 10,000 
simulation replications in which the test was re- 
jected. 
RESULTS 
Field Study 
We captured 73 adult wood thrushes during 
the 1996 breeding season of which 45 were 
banded only and 28 were equipped with radio- 
transmitters. We recaptured 17 radiomarked and 
17 banded birds in mist nets at least once on the 
study area. Thirteen radiomarked birds left the 
study area during the study, as determined by 
aerial telemetry. We continued to follow these 
birds until radio failure or death occurred; 4 of 
the 13 emigrated but eventually returned to the 
study area. Recapture and relocation data for the 
banded and radiomarked wood thrushes are 
summarized in Tables 3 and 4, excluding 5 bird 
right-censored (1 each in weeks 6 and 9, and 3 
in week 12); only 2 wood thrushes died during 
the breeding season in 1996. These data were 
used to fit 11 models with differing assumptions 
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Table 3. Recaptures of banded adult wood thrushes at the Piedmont National Wildlife Refuge in Georgia, 1996. 
Period Number Number next recaptured in period 
released released 2 3 4 5 6 7 8 9 10 11 12 13 
1 5 0 1 0 0 0 0 0 2 0 0 0 0 
2 2 1 1 0 0 0 0 0 0 0 0 0 
3 6 0 0 1 0 1 0 0 0 0 0 
4 7 0 0 0 0 0 0 0 1 0 
5 6 1 0 0 0 0 0 1 0 
6 7 3 0 0 0 0 0 0 
7 8 1 0 0 1 0 0 
8 4 0 0 0 0 0 
10 3 1 0 0 
11 7 1 1 
12 6 0 
about differences in survival, movement, and 
capture rates with respect to geographic strata 
and marking method (Table 5). The model with 
the lowest AIC assumed no variation in survival, 
capture, or movement rates (thus, containing 3 
parameters: S, 4, and p), and estimated a weekly 
survival rate of 0.989 ? 0.007 (SE; Table 6). Sur- 
vival of radiomarked birds and banded birds was 
similar: &(S, SB = 0.0239, 95% CI = -0.0196 to 
0.0674). Survival rates were slightly higher off 
the study area (&[S(1), S(2)] = -0.0578, 95% CI 
= -0.0756 to 
-0.04094), with both mortalities 
occurring on the study area. Fidelity rates (ti = 
0.915 ? 0.021) were similar between both study 
areas (&[a(11), 4(22)] = 0.0161, 95% CI = 
-0.0309 to 0.0631). 
The CV of the survival estimate from the 
combined model was the same as that from the 
telemetry model and much lower than the 
mark-recapture model (Table 6). The CV of 
movement rates was slightly lower using the 
combined model than the telemetry-only mod- 
el, and the CV for recapture rates was lower 
using the combined model than either of the 
individual models (Table 6). 
Simulation Study 
Our selection of the simplest model (all pa- 
rameters constant over strata and between 
methods) and the wide CI on o(01,02) for all 
comparisons raised concern that estimates from 
our model based on small samples might not 
Table 4. Recaptures and relocations of radiomarked adult wood thrushes at the Piedmont National Wildlife Refuge in Georgia, 
1996. 
Fate in next time period 
Period Number Recaptured Relocated by telemetry 
released Area released released on area On area Off area Died 
2 On area 6 0 6 0 0 
3 On area 10 2 8 0 0 
4 On area 16 2 14 0 0 
5 On area 18 3 14 1 0 
6 On area 17 1 14 1 1 
Off area 1 0 1 0 0 
7 On area 21 1 17 3 0 
Off area 1 0 1 0 0 
8 On area 19 3 14 2 0 
Off area 3 0 0 3 0 
9 On area 18 4 13 1 0 
Off area 4 0 0 4 0 
10 On area 20 1 15 3 1 
Off area 5 0 0 5 0 
11 On area 16 0 14 2 0 
Off area 8 0 1 7 0 
12 On area 12 1 11 0 0 
Off area 9 0 1 8 0 
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Table 5. Model structure, AIC valuesa, and model goodness-of-fit for all models considered for radiomarked and banded wood 
thrushes in 1996 at the Piedmont National Wildlife Refuge, central Georgia. Model parameters were: S, probability of surviving 
one week; p, probability of being recaptured during week; and 
*,, 
weekly movement probability (Models HA, H,, H., and H3 were 
added to the original model set [models 1-7] for the simulations to estimate bias and power [Table 7]). 
Differ by Differ by 
marking method geographic strata Number of Goodness-of-fit 
Model S p S 
t4 
AIC, parameters x2 df P 
1 No No No No 178.3 3 39.427 45 0.7063 
2 Yes No No No 179.4 4 42.232 45 0.5899 
3 No No No Yes 180.0 4 34.738 44 0.8399 
4 No No Yes Yes 181.3 5 34.461 43 0.8204 
5 No Yes Yes Yes 182.4 6 34.671 42 0.7816 
6 Yes No Yes Yes 183.7 7 34.738 44 0.8399 
7 Yes Yes Yes Yes 185.9 8 33.702 40 0.7483 
HA Yes No Yes Yes 187.9 7 35.116 41 0.7288 
H1 Yes No Yes No 186.9 6 45.446 42 0.3305 
H2 Yes No No Yes 187.7 5 31.642 43 0.8996 
H3 No No Yes Yes 191.5 4 34.906 43 0.8055 
a AIC values are modified following Burnham and Anderson (1998). 
allow useful biological inferences. Our simula- 
tion results were generally reassuring, with little 
bias except for SB(2) (RBIAS <2%; Table 5). 
Bias exceeded 15% in some simulation trials for 
SB(2) (survival of banded birds off the study 
area). Bias increased with lower banded sample 
sizes and with increasing capture probabilities 
(Fig. 2) and was lowest (-5%) at sample sizes 
of RA1) = 25 and p - 0.2. As banded and ra- 
dioed sample sizes increased, CV of estimates 
decreased (Fig. 3a-d) and was higher for sur- 
vival rates on versus off the study area (Fig. 3e). 
We also conducted a few representative simu- 
lation trials with large sample sizes (Ri(1) = Ai(r) 
= 10,000); all parameter estimates from these 
trials were close to unbiased (RBIAS <0.01%), 
confirming that bias is a small-sample phenom- 
enon. Asymptotic SE of parameter estimates 
typically overestimated actual SE (r). Standard 
error estimates were particularly poor for 
SE(S(2)), especially at low sample sizes (Rl() = 
5, Ai(r) = 5; RBIASsE = 549%); bias was re- 
duced at higher sample sizes but still was pos- 
itive (R,(i) = 25, Ai(r) = 25; RBIASsE = 43.7%). 
The small values of RBIAS and positive bias in 
standard error estimates produced CI coverages 
at or above the nominal value of 0.95 (Table 7). 
Power to detect specific parameter differenc- 
es was generally low, averaging 0.324 for H1 
(range 0.165-0.548), 0.485 for H2 (range 0.200- 
0.825), and 0.076 for H3 (range 0.041-0.153). 
We examined the relationship between power 
and sample size for p = 0.11 (capture rates 
slightly higher than in our study; Fig. 4). Tests 
for stratum-specific (H2 vs. HA) survival ap- 
proached reasonable power (0.8) at the upper 
ranges of sample sizes considered (25 banded 
animals released and 25 animals sighted and 
"released" in each area, during each time peri- 
od). Tests for stratum-specific movement (Hi vs. 
HA) and mark-specific survival (H3 vs. HA) had 
power <0.6 for all of the combinations of sam- 
ple size considered. Power for all tests was sen- 
sitive to radio sample sizes but relatively insen- 
sitive to banded sample sizes (Fig. 4). 
DISCUSSION 
The combined model allowed for a direct hy- 
pothesis test for differences in survival between 
Table 6. Weekly probabilities and standard errors estimated for male and female wood thrushes in 1996 at the Piedmont 
National Wildlife Refuge by best fitting (A) combined mark-recapture and telemetry model, (B) mark-recapture model, and (C) 
telemetry model. Parameters estimated are: S, survival of individuals; *, probability of staying on the study area or off the study 
area (complement of moving to a new area); and p, recapture of individuals on the study area. 
A--Combined model B-Mark-recapture model C-Telemetry model 
Parameter Estimate SE % CV Estimate SE % CV Estimate SE % CV 
S 0.989 0.007 0.71 1.000 0.109 10.90 0.990 0.007 0.71 
0.910 0.020 2.20 -a _a _a 0.837 0.026 3.11 
p 0.097 0.016 16.49 0.205 0.065 31.71 0.111 0.027 24.3 
a Parameter cannot be estimated with this model structure. 
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20 
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0 -10 p=0.2011 
015 p=0.40 
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Fig. 2. Relative bias of estimates of survival rates for banded 
birds off study area (SP(2)) as a function of weekly banded sam- 
ple size (RO) = 5, 10, 25) and capture probabilities (p = 0.11, 
0.20, 0.40) averaged across all values of radio sample size 
(Ar) = 5, 10, 25, r = 1,2). 
banded and radiomarked animals. Our data did 
not suggest that the radiotransmitter affected 
survival of radiomarked wood thrushes during 
the breeding season. However, the mark-recap- 
ture data was sparse. Confidence interval widths 
on survival and movement log ratios showed 
that both negative and positive effects easily 
could have gone undetected. However, earlier 
research at the same study location also provid- 
ed no evidence that radiomarking affected be- 
tween-year return rates of wood thrushes band- 
ed during 1993-95 (Powell et al. 1998). 
Although the combined model has the poten- 
tial to decrease the variability in survival rates, 
combining our mark-recapture and telemetry 
data did not result in greater precision for sur- 
vival estimates than the telemetry-alone model 
(Table 6) because most of the information about 
mortality comes from observed deaths of radi- 
tagged birds. Precision of recapture and move- 
ment rates did increase under the combined 
model. Our mark-recapture sample was not 
large, and the benefits of combining data should 
increase as more data from each source is avail- 
able. 
We were able to estimate the weekly fidelity 
rate to our study area (0(11)), and its comple- 
ment (*(1l)), the probability of emigration from 
the study area. Emigration rates are needed to 
parameterize spatially-based population models 
(Conroy et al. 1995, Noon and Sauer 1992). Our 
study design was not originally designed to mea- 
sure immigration into the study area (4(21)), al- 
though 4 radiomarked birds moved back onto 
the study area after leaving. Biologists should 
consider initially marking animals off the study 
area to improve estimates of immigration to the 
study area and to generate more powerful hy- 
pothesis tests about movement rates. Our re- 
sults suggest that a landscape perspective is crit- 
ical to managing songbird populations at 
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Fig. 3. Coefficient of variation (CV) of estimates of fidelity 
rates to study area (a, r (")) and off study areas (b, ,(22)), and 
survival rates of banded birds on (c, Sail)) and off (d, Sai2)) as a function of banded sample size (R/') = 5, 10, 25) and of 
radio sample size (A/0 = 5, 10 25, r = 1,2). (e) CV of estimates 
of survival rates of radioed birds on (S',)) and off (S(2)) study 
area as function of radio sample size (Atio = 5, 10, 25, r = 
1,2). Capture probabilities for all simulations equal (p = 0.2). 
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marking), and H3:S(') = SB(1); S()) = SB(2) (survival rates equal 
between marking methods) for p = 0.11, as a function of week- 
ly banded and radioed sample sizes (Rp), 
A;,(, 
r = 1,2) re- 
leases. 
PNWR because nearly 10% of our sample em- 
igrated from the study area each week. Wood 
thrushes at PNWR appear to use large geo- 
graphic areas during the breeding season, in- 
cluding public and private lands surrounding 
PNWR (Powell 1998). 
The bias in 
SB(2) for sample 
sizes similar to 
ours raises concerns about the interpretation of 
parameter estimates. We note that this param- 
eter appears in the model structure (Tables 1, 
2) only when birds are not recaptured in the 
first sampling period after release (i + 1) but in 
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a subsequent period (e.g., i + 2) and that the 
frequency of these events will decrease as cap- 
ture probabilities (pBi+i) 
increase; this may ex- 
plain the increasing bias in SB(2) with increasing 
capture rates (Fig. 2). Again, this bias diminish- 
es rapidly as banded sample sizes increase; at 
small sample sizes, model selection criteria 
(Burnham and Anderson 1998) should usually 
result in the combined estimation of survival 
across marking methods, as evidenced by the 
lower power of the tests to reject H3 (Fig. 4). 
In order to provide adequate power to detect 
meaningful effects, and keep bias reasonably 
low, we recommend that future studies seek to 
obtain a minimum of 25 animals of each mark- 
ing type observed (by capture or telemetry) in 
each time period. Of course researchers will 
have little control over how many animals ac- 
tually occur in each stratum because of random, 
inter-stratum movements. Sampling effort must 
be sufficient to assure a reasonable probability 
of capture (e.g., p > 0.20) in the study area (i.e., 
region where animals are subject to capture) 
and virtually certain detection of radiomarked 
animals over appropriate time intervals (e.g., 1- 
week periods, as in this study). If these criteria 
cannot be met, researchers should consider 
pooling adjacent time periods to increase sam- 
ple sizes. When these efforts still result in in- 
adequate sample sizes, or require pooling over 
long intervals (i.e., over which C-J-S assump- 
tions of "instantaneous release" are likely vio- 
lated), we recommend using separate modeling 
and analysis of each marking type by C-J-S, 
Kaplan-Meier, and other methods. 
We caution that our wood thrush example 
may not be fully illustrative of the potential for 
this or similar study designs to address ecolog- 
ical questions. Our "study area" and "off study 
area" strata were similar with respect to habitat 
quality, whereas in many studies (e.g., those di- 
rected at comparisons of habitats managed dif- 
ferently) areas might be expected to differ a 
priori with respect to survival or other demo- 
graphic parameters. Designs directed at detect- 
ing habitat-specific survival should be especially 
attentive to assuring that sample sizes provide 
adequate statistical power for detecting impor- 
tant differences. Our simulation studies empha- 
size the importance of adequate sample sizes to 
allow reliable parameter estimation and exami- 
nation of spatial and other sources of variations. 
Designs in which some recapture efforts are 
made in all strata (corresponding to p,(2) > 0 in 
our wood thrush example) may be more appro- 
priate for addressing such questions, and esti- 
mates for this slightly more general model can 
also be obtained from MSSRVRT. Such designs 
are a natural extension of spatially-stratified C- 
J-S models (Brownie et al. 1993) to allow for 
simultaneous analysis of both mark-recapture 
and telemetry data. 
Demographic analyses may be more com- 
plete and, in some cases, more precise after us- 
ing the combined model than by using either 
the telemetry model or mark-recapture models 
alone. Standard C-J-S models do not allow sep- 
aration of movement and survival parameters 
for banded birds. Movement parameters are es- 
timable with radiotelemetry data alone, but we 
were able to increase the precision of the move- 
ment parameters by adding movement infor- 
mation from banding data. Under appropriate 
study designs (i.e., adequate sample sizes, par- 
ticularly of radiomarked birds) tests for differ- 
ences in survival rates between banded birds 
and radiomarked birds can be conducted. De- 
spite the usefulness of the models presented, 
biologists must understand and consider the life 
history of their study species when using this 
method to estimate demographic parameters. 
This model structure requires careful planning 
of the experimental design, and the field meth- 
ods are logistically challenging. More compli- 
cated models are necessary if assumptions re- 
garding permanent emigration from the entire 
2-patch system are violated. However, these 
models can provide important information to 
help manage populations at the landscape level. 
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